Doc. No: 10-371US 78114 


Optical Circulator 

[0001] This application claims priority from US Provisional Application No. 
60/270,905 filed Feb. 26, 2001. 

Field of the Invention 

[0002] This invention relates to non-reciprocal couplings for optical fibers, 

and more particularly, to an optical circulator. 

Background of the Invention 

[0003] An optical circulator is a non-reciprocal optical device which directs light 
entering one port to the next higher number port. Thus, light launched into a first 
port propagates to, and exits through a second port; however, optical signals 
launched into the second optical port are blocked fi-om reaching the first port and 
are directed to a third sequential port. Thus, optical circulators, generally, allow 
signals to travel in only one direction between any two ports. 

[0004] In a closed circulator, light transmitted into the third (or other highest 
number port) is passed to the first port. In an open three port circulator, light 
directed into the third port is extinguished within the circulator without being 
transmitted to any other active port. 

[0005] Examples of circulators known in the art are described in US 5,909,310 to 
Li et al. (June 1, 1999) and US 5,930,039 to Li et al, (July 27, 1999), both of which 
are incorporated herein by reference. 

[0006] For certain applications, which employ polarization-dependent devices 
requiring polarized fight in a known polarization state, commercially available 
known circulators suffer from the disadvantage that the light that emerges from the 
ports is unpolarized. These applications require tiie use of additional components 
aside from the circulator to produce the polarized beams which are required. For 
example, in C.R. Doerr et al., IEEE Photonics Technology Letters, Volume 12, 
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Number 9, September 2000, incorporated by reference herein, a channelized 
equalizer is described requiring only one polarization on the chip. The setup 
requires a polarization beam splitter (PBS) in addition to a circulator for proper 
functioning. 

[0007] It would be useful to have the light that exits and enters at least one port of 
an optical circulator split into two linearly polarized beams, such as along 
orthogonal or parallel axes. The advantage of such a circulator is that a device 
which is polarization-dependent can be connected between the two beams at this 
port so that only hght of a desired predetermined polarization passes through the 
device. 

Summary of the Invention 

[0008] It is an object of the present invention to provide an improved 

optical circulator. 

[0009] Thus, in one aspect, the invention provides an optical circulator comprising 
a plurality of ports, wherein an input port is disposed to launch unpolarized light 
into the circulator, two sequential ports are disposed to receive polarized Ught, and 
an exit port is disposed to receive unpolarized light; a beam-sphtting and - 
combining element, configured to split a beam of light propagating in a forward 
direction along a fnst light path, into a second and a third hght path, the second 
and third hght paths having mutually-orthogonal polarization, said 
splitting/combining element also configured to combine mutually-orthogonally- 
polarized Ught beams propagating in the reverse direction along a fourth and a fifth 
hght path into a single beam of hght propagating along a sixth light path; and a 
non-reciprocal polarization rotator, configured to rotate polarization directions of 
light propagating along the second and third light paths and to rotate polarization 
directions of light propagating along the fourth and fifth Hght paths. 

[00010] In another aspect, the invention provides a method for circulating 
and polarizing light. The method comprises providing a plurality of ports, wherein 
an input port is disposed to launch unpolarized hght into the chculator, two 
sequential ports are disposed to receive polarized light, and an exit port is disposed 
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to receive unpolarized light; splitting a beam of light propagating in a forward 
direction along a first light path, into a second and a third light path, the second 
and third light paths having mutually-orthogonal polarization; non-reciprocally 
rotating the polarization directions of light propagating along the second and third 
light paths; combining mutually-orthogonally-polarized light beams propagating in 
the reverse direction along a fourth and a fifth light path into a single beam of hght 
propagating along a sixth light path; and non-reciprocally rotating polarization 
directions of light propagating along the fourth and fifth light paths. 

Brief Description of the Drawings 

[00011] The invention may be more completely xmderstood in consideration 
of the following detailed description of various embodiments of the invention in 
connection with the accompanying drawings, in which: 

Figures 1 A and IB illustrate a side view of a circulator in accordance with 
another embodiment of the invention, Figure lA showing a forward beam path 
through the device and Figure IB showing a reverse beam path through the device; 

Figures 2A and 2B illustrate a side view of a circulator in accordance with 
another embodiment of the invention. Figure 2A showing a forward beam path 
through the device and Figure 2B showing a reverse beam path through the device; 

Figure 3 A is a top plan view and Figure 3B is a side view of a circulator in 
accordance with the invention, showing a forward beam path through the device; 

Figure 3C is a top plan view and Figure 3D is a side view of the same 
circulator illustrated in Figures 3A and 3B showing a reverse beam path through 
the device; and 

Figures 4A and 4B illustrate a side view of a circulator in accordance with 
another embodiment of the invention. Figure 4A showing a forward beam path 
through the device and Figure 4B showing a reverse beam path through tiie device. 

Description of Preferred Embodiments of the Invention 

[00012] Circulators in accordance with the invention have four or more 

ports and are configured such that unpolarized light launched into one port will 
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emerge as polarized light at two sequential ports. Polarized light launched into the 
two sequential ports will exit the circulator as unpolarized light from another port. 

[00013] For instance, a four port circulator in accordance with the invention 
may be configured such that Ught entering the circulator from a first port will 
emerge as two separate polarized beams, one polarized beam emerging at a second 
port and the other polarized beam emerging at a third port. Two polarized beams 
which enter the circulator from the second and third ports emerge as one 
unpolarized beam at a fourth port. The beams of light emerging or entering at the 
second and third ports may have their polarizations oriented as desired with respect 
to each other, for example orthogonally or perpendiciilarly to each other. 

[00014] The circulators of the present invention do not require the use of 
components having epoxied surfaces in the beam path. However, epoxied 
component may be used with the present invention, if desired. 

[00015] The circulators include two major components, namely a beam- 
splittingZ-coupling module and a non-reciprocal polarization rotator. The beam- 
spUttingZ-coupling module of the circulators of the present invention functions to 
either separate an incoming xmpolarized light beam into outgoing beams of 
orthogonal polarization or combine incoming beams from of orthogonal 
polarization into an unpolarized light beam. The beam-splitting/-couphng module 
may be fabricated from birefringent crystals or be formed by using other 
polarization beam sphtters (PBS) which are readily known from the art, such as 
polarization separation coatings (dielectric coatings). 

[00016] Birefringent crystals differ from other transparent materials in that 
they have different indices of refraction in different directions, meaning that 
different polarizations of light will refract by different amoimts. As a result, an 
unpolarized light beam that enters a birefringent crystal at an angle to the optical 
axis of the crystal is spHt into two orthogonally-polarized components, an ordinary 
ray and an extraordinary ray, with different refractive indices. The ordinary ray 
behaves in accordance with Snell's Law; however, the extraordinary component 
does not. The direction that the extraordinary component is diverted is referred to 
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as the walk-off direction of the crystal. Thus, rays with their planes of polarization 
parallel to the walk-off direction will be refracted in the walk-off direction; 
however rays with planes of polarization orthogonal to the walk-off direction will 
be unchanged in the walk-off direction. Birefringent crystals may be formed from 
5 any suitable birefringent material, such as calcite, ratile, crystalline quartz, lithium 
niobate, and yttrium orthovanadate (YVO4). 

[00017] The term, non-reciprocal polarization rotator, is intended to cover 
devices which transform polarization from one state to another for beam 
0 propagation in one direction but do not transform polarization in the same manner 
for beam propagation in the reverse direction. Examples of examples of non- 
reciprocal polarization rotators include Faraday rotators, or combinations of 
Faraday rotators and half wave plates. 

5 [00018] Faraday rotators typically include a transparent material, having a 
high Verdet constant, that is coupled to a magnet. The magnet produces a 
magnetic field having a component parallel to the direction of propagation of light 
within the Faraday rotator. They rotate the plane of polarization of Hght in the 
same direction when light is passed through the Faraday rotator in either direction. 

D Thus, a light beam travelUng through and then returning through a given Faraday 
rotator is not returned to its original polarization, but has its polarization rotated by 
twice the angle of rotation of the Faraday rotator. 

[00019] Materials with high Verdet constants used in Faraday rotators 
> include, for example, bismuth-terbium iron garnets, which are often used in 
Faraday rotators operating at wavelengths in the range 1.3 ^m to 1.55 fim. Other 
materials are available for other wavelength ranges. Furthemiore, other materials 
are available that do not require the use of an external magnet, for example 
bismuth-substituted rare-earth iron garnets. 

1 

[00020] Figures lA and IB show a circulator 200 according to one aspect of 
the mvention. This circxilator mcludes a beam-sphtting/-couplmg module (as 
birefringent crystal 202) and a non-reciprocal polarization rotator (as Faraday 
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rotators 220A and 220B). A two-stage circulator is used to improve isolation and 
to prevent dispersion-related problems, 

[00021] Waveguide 201 emits a light beam 214 from port 1 that is 
collimated by a first lens 238A. Lens 238A also causes beam 214 to make an 
angle 9 with respect to the z-axis. Preferably, lens 23 8 A is a graded index (GRIN) 
lens. 

[00022] Use of first collimator lens 23 8 A is not intended to limit the 
invention. For instance, each waveguide may be provided with its own individual 
coUimating lens, or a more complex arrangement of lenses may be used. Further, 
the angle 9 produced by the GRIN lens is not a necessary feature of the invention, 
but is merely a result of the type of lens used, as well as the fact that only one 
collimating lens is used for both waveguides 201 and 203, rather than each 
waveguide being provided with its own collimating lens. 

[00023] Beam 214 then passes through a first birefiingent crystal 220 which 
functions as the beam-spUtting/-coupling module. Beam 214 is divided into two 
beams having orthogonal polarizations, specifically beams 214A and 214B, 
corresponding to the extraordinary and ordinary rays, respectively, by the 
birefiingent crystal 220. Beam 214A is polarized along the x-axis (out of the 
page); this polarization is indicated by a dot in FIG. 2A. Beam 214B is polarized 
in the y-z plane; this polarization is indicated by a line segment. The length of 
birefiingent crystal 220 is adjusted to obtain a spatial separation between beams 
214A and 214B which permits them to pass through independent optical elements. 

[00024] Reciprocal rotators operate to rotate the plane of polarization of 
light passed through it. In the embodiment shown in Figures lA and IB, the 
reciprocal rotators are half wave plates 236A, 236B, 218A, and 218B. A half wave 
plate is a reciprocal device that rotates the plane of polarization of light based on 
the direction which Ught is passed through it. The degree of rotation is determined 
by the acute angle between the half wave plate principal plane and an electric field 
vector of linearly polarized incident Ught. As such, a half wave plate rotates the 
polarization plane through an angle that is twice the acute angle. Beam 214A 
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enters a first half wave plate 23 6 A. First half wave plate 23 6 A rotates the plane of 
polarization of beam 214A by 45° (acute angle = 22.5°) clockwise with respect to 
viewpoint V. Beam 2 14 A then passes through a Faraday rotator 230 A, which 
again rotates the plane of polarization by 45^ clockwise with respect to viewpoint 
V, The net effect of half wave plate 236A and Faraday rotator 230A (the first a 
reciprocal device and the second a non-reciprocal device), therefore, is to rotate the 
polarization of beam 214A by 90° in the clockwise direction with respect to 
viewpoint V. Beam 214B, meanwhile, enters a second half wave plate 21 8 A, 
positioned below first half wave plate 23 6 A. Second half wave plate 218A rotates 
the plane of polarization by 45° in the counterclockwise direction with respect to 
viewpoint V, i.e., half wave plate 218A effects a rotation in the opposite direction 
to half wave plate 23 6A. Beam 214B then enters the first Faraday rotator 230 A 
which rotates the plane of polarization by 45° in the clockwise direction with 
respect to viewpoint V. The net effect of half wave plate 218A and Faraday rotator 
230A (the first a reciprocal device and the second a non-reciprocal device), 
therefore, is to leave the polarization of beam 214B unaltered. Therefore, after 
passing through half wave plate 21 8 A and Faraday rotator 230A, the polarization 
of beam 214B is in the x-direction, or parallel to the polarization of beam 214A. 
Thus, half wave plates 236A and 21 8A, together with Faraday rotator 230A, render 
two orthogonal polarizations parallel to each other. 

[00025] At this point beams 214A and 214B still propagate at angle 9 with 
respect to the z-axis as they exit rotator 230A. This angle of propagation is 
changed by an angle modifier 242, exempUfied here as polarization-dependent 
prism, namely a WoUaston prism. WoUaston prisms are composed of two 
birefiingent plates. The optical axes of the two birefiingent plates are at right 
angles to each other. The first birefiingent plate of the angle modifier 242 has an 
optic axis OAl that is oriented parallel to the x-axis. Therefore beams 214A and 
214B are viewed as extraordinary rays in the first birefiingent plate of angle 
modifier 242, and are therefore refracted according to the extraordinary index of 
refraction n^. The second birefiingent plate of angle modifier 242 has an optic axis 
0A2 that is parallel to the y-axis, so beams 214A and 214B are ordinary rays 
within the second birefringent plate. Therefore beams 214A and 214B are 
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refracted upon passing from the first birefringent plate to the second birefiingent 
plate because of the difference between indices of refraction n^ and n^. 


[00026] Beams 214A and 214B exit angle modifier 242 and enter a second 
5 birefringent crystal 226. The optical axis of crystal 226 is oriented such that beams 
214A and 214B are ordinary rays in crystal 226 and thus remain undeflected. 

[000271 Next, beam 214A passes through a half wave plate 23 6B which 
rotates the polarization 45° clockwise with respect to viewpoint V. Beam 214A 
then enters Faraday rotator 230B which rotates the plane of polarization of beam 
214A by 45° counterclockwise with respect to viewpoint V. Consequently, half 
wave plate 236B and rotator 230B together have no net effect on the polarization 
of beam 214A, which remains polarized in the x-direction. Meanwhile, beam 
214B enters a half wave plate 218B which rotates the plane of polarization of beam 
214B by 45° counterclockwise with respect to viewpoint V. Beam 214B then 
passes through the Faraday rotator 230B which rotates the polarization by another 
45° counterclockwise with respect to viewpoint V. Beam 214B is now polarized in 
the y-direction (indicated by a line segment in the figure). Half wave plates 236B 
and 218B and Faraday rotator 230B together render two parallel polarizations 
perpendicular to each other. 

[00028] Beam 214A is focused by a second lens 238B (preferably a GRIN 
lens) and enters waveguide 202a. Beam 214B is focused by a third lens 238C 
(preferably a GRIN lens) and enters waveguide 202b, 

25 

[00029] Thus, the result of the optical sequence is to transform an 
unpolarized beam of light entering the circulator from port 1 into two polarized 
beams of hght, which are spatially separated, aad can enter two ports 2a and 2b, 

3 0 [00030] In this case, the light beams 214A and 214B exit at ports 2a and 2b 
as orthogonally polarized beams with respect to each other. However, the beams 
may be oriented in any desired position with regard to each other, such as in 
parallel polarizations, by the addition of one or more additional reciprocal rotators 
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in the path of one or both light beams as discussed with regard to circulator 100. 
Alternatively, half wave plates 21 8B and 236B may be removed. 

[00031] Light entering the circulator from ports 2a and 2b must be 
channeled into port 3. This reverse sequence is shown in FIG. IB. Beams 216A 
and 216B exit from ports 2a and 2b, respectively, through waveguides 202a and 
202b, respectively. Beam 216A is polarized in the x-direction and beam 216B is 
polarized in the y-direction, as indicated in FIG. IB. The beams 216A and 216B 
are collimated by lenses 238B and 238C, respectively. 

[00032] Beam 216A enters Faraday rotator 23 OB, which rotates the 
polarization of beam 216A by 45° counterclockwise with respect to viewpoint V. 
Then beam 21 6 A enters half wave plate 236B, which rotates the polarization of 
beam 216A by another 45° counterclockwise with respect to viewpoint V, (i.e. as 
the half wave plate is a reciprocal device, the polarization is rotated in the opposite 
direction to the direction the polarization of beam 214A was rotated coming 
through half wave plate 236B). Meanwhile the polarization of beam 216B is 
rotated by 45° counterclockwise with respect to viewpoint V by Faraday rotator 
230B. The polarization of beam 216B is then rotated back 45° clockwise with 
respect to viewpoint V by half wave plate 218B. Therefore, just before beams 
216A and 216B enter birefiingent crystal 226, they are both polarized in the y- 
direction. 

[00033] Here the non-reciprocal nature of circulator 200 is already clear, 
since if beams 216A and 216B were to exactly retrace the paths of beams 214A 
and 214B (FIG. lA), they should be polarized in the x-direction. The origin of the 
non-reciprocity is the Faraday rotator 230B, whose direction of polarization 
rotation does not reverse with the change in direction of light propagation. 

[00034] Beams 216A and 216B enter birefringent crystal 226, where they 
are extraordinary rays and are offset by a distance f. 

[00035] Both beams 216A and 216B then enter the angle modifier 242. 
Beams 216A and 216B first enter the second birefiingent plate of the angle 
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modifier 242. The optic axis 0A2 of this second birefiingent plate is parallel to 
the polarizations of beams 216A and 216B. Beams 216A and 216B are therefore 
extraordinary rays within this second birefiingent plate, but are undeflected since 
they are normally incident upon the second birefiingent plate. 

[00036] Upon leaving the second plate and entering the first plate, however, 
beams 216A and 216B become ordinary rays, since their polarizations are 
perpendicular to the optic axis OAl of the second plate. Beams 216A and 216B 
therefore refiract upon entering the first plate due to the difference between 
refraction indices n^ and n^. When beams 21 6A and 216B exit this first 
birefiingent plate, they refract again to exit at angle <]) with respect to the z-axis. 

[00037] After leaving angle modifier 242, beam 216A then passes through 
Faraday rotator 230A and half wave plate 21 6A with no net effect on its 
polarization. Beam 216B passes through Faraday rotator 23 OA which rotates the 
polarization by 45° clockwise with respect to viewpoint V and half wave plate 
218A which rotates the polarization by 45"^ with respect to viewpoint V; the result 
is a rotation of the polarization of beam 216A by 90"^. Beams 216A and 216B now 
have orthogonal polarizations and are combined into a single beam 216 by 
birefiingent crystal 214A. Beam 216 is subsequently focused by lens 238A onto 
waveguide 3. 

[00038] Birefiingent crystal 226 plays an important role in guiding light 

from waveguides 202a and 202b to waveguide 203. Since Hght guiding device 242 
bends beams 216A and 216B by the angle ct), beams 216A and 216B travel laterally 
(in the negative y-direction) as well as longitudinally (in the negative z-direction) 
after they leave device 242. This lateral travel is compensated by crystal 226. 

[00039] To be precise, beams 216A and 216B are offset a distance f by 
birefiingent crystal 226. The distance along the y-axis between the point where 
beam 216B enters angle modifier 242 and waveguide 203 is d2- The distance along 
the y-axis between waveguide 201 and the point where beam 214A leaves angle 
modifier 242 is di. The vertical or y-axis distance between waveguide 201 and 
waveguide 203 is t. The relation between these quantities is: 

10 
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f=di + d2-t. (3) 

[00040] This equation teaches how to design crystal 226 to have the correct 
offset f given the other parameters of circulator 200, i.e., when di, d2 , and t are 
known. 

[00041] In an alternative embodiment, the apparatus is designed in such a 
way that di + d2 = t. Equation (3) then implies that f=0, which means that 
birefiingent crystal 226 may be eliminated completely from the design. 
[00042] Angles 0 and <p are each preferably between 1° and 3"^ and the sum 
of angles 6 and 0 is preferably between 2° and 6°, 

[00043] Variations of light guiding device 242 are also possible. For 
instance, in another embodiment, beam 214A is extraordinary and beam 214B is 
ordinary in crystal 220 A. 

[00044] It will be appreciated that the relative orientations and relative 
positions of some components may be changed without affecting the operation of 
the circulator. For example. Figures 2A and 2B show a modified version of 
circulator 200, shown as circulator 300. In this circulator the second birefringent 
crystal shown as 226 in Figures lA and IB is here shown as birefringent crystal 
336 and is place before angle modifier 342 rather than after the angle modifier. 
Further, an additional birefiingent (walk-off) crystal is provided at the end of the 
optical path to fiirther separate the two light beams from each other before they 
exit into ports 2a and 2b. Finally, in this embodiment, a half wave plate 340 is 
provided to make the polarizations of the beams exiting by ports 2a and 2b parallel. 

[00045] Waveguide 301 is inserted into a first glass tube 3 55 A. A second 
waveguide 302a is inserted into a second glass tube 355B and a third waveguide 
302b is inserted into a third glass tube 355C. A fourth waveguide 303 is inserted 
into the first glass tube 355A, adjacent to waveguide 301, so that waveguide 301 
and 303 are parallel. Waveguide 301 emits a light beam 314 from port 1 that is 
collimated and redirected at an angle 9 with respect to the z-axis by a first lens 
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338A. Lens 338A also causes beam 314 to make an angle 6 with respect to the z- 
axis. Beam. 314 then passes through a first birefiringent crystal (y-walk-off crystal) 
302 that divides beam 314 into two beams having orthogonal polarizations, 
specifically beams 314A and 314B. Beam 314A, polarized along the y-z plane, 
enters a first half wave plate 33 6A aad then passes through a Faraday rotator 33 OA, 
resulting in the rotation of the polarization of beam 314A by 90° into the x-axis. 
Beam 314B, meanwhile, enters a second half wave plate 318A, positioned below 
first half wave plate 336A followed by the first, the net effect being to leave the 
polarization of beam 314B unaltered. Beams 314A and 314B then enter a second 
birefiingent crystal (y-walk-off crystal) 326. The optical axis of crystal 326 is 
oriented such that beams 314A and 314B are ordinary rays in crystal 326 and thus 
remain undeflected. 

[00046] At this point beams 314A and 314B still propagate at angle 6 with 
respect to the z-axis as they exit birefiingent crystal 326. The beams 314A and 
314B are refi"acted as a result of passing through angle modifier 342 and emerge 
parallel to each other, along the z-axis. Next, beam 314A passes through a half 
wave plate 336B followed by Faraday rotator 330B, resulting in no net effect on 
the polarization of beam 314A, which remains polarized in the x-direction. 
Meanwhile, beam 314B enters a half wave plate 318B followed by Faraday rotator 
330B, the net result being that beam 3 14B is now polarized in the y-direction. 

[000471 Next beams 314A and 314B enter a third birefringent crystal (y- 
walk-off) 348 which fixrther splits apart the two beams, with beam 314B being 
walked off in the y-direction. Beam 314B continues through prism 360 to create a 
greater separation between the beams 314A and 314B. Prism 360 first deflect 
second light beam 314B by 90° and then deflects the second light beam 314B by 
90° back afl:er the desired separation along the y-axis has been achieved between 
beams 314A and 3146. Beams 314A and 314B emerge parallel to each other with 
orthogonal polarizations. Beam 314A is focused by a second lens 338B 
(preferably a GRIN lens) and enters waveguide 302a. Beam 314B is focused by a 
third lens 338C (preferably a GRIN lens) and enters waveguide 302b. 
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[00048] Alternatively, if it desired to have the two beams of light polarized 
parallel to each other, and additional half wave plate can be inserted as described 
above* 

[00049] Light entering the circulator from ports 2a and 2b must be 
channeled into port 3. This reverse sequence is shown in FIG. 2B. Beams 316A 
and 316B exit from ports 2a and 2b, respectively, through waveguides 302a and 
302b, respectively. Beams 316A and 316B are polarized parallel to the x-axis and 
the y-axis respectively, as indicated in FIG. 2B. The beams 316A and 316B are 
collimated by lenses 338B and 338C, respectively. 

[00050] Beam 316B enters prism 360 which laterally displaces the beam 
316B. Next beams 314A and 314B enter the third birefringent crystal 348 which 
fiirther serves to laterally displace beam 31 6B closer to beam 316A. 

[00051] Beam 316A enters Faraday rotator 320B, which rotates the 
polarization of beam 316A by 45° counterclockwise with respect to viewpoint V, 
Then beam 316A enters half wave plate 316B, which rotates the polarization of 
beam 316A by another 45° counterclockwise with respect to viewpoint V. 
Meanwhile the polarization of beam 316B is rotated by 45° counterclockwise with 
respect to viewpoint V by Faraday rotator 320B. The polarization of beam 3 16B is 
then rotated back 45° clockwise with respect to viewpoint V by half wave plate 
3 1 8B. Therefore, just before beams 3 1 6A and 3 1 6B enter angle modifier 342, they 
are both polarized in the y-direction, 

[00052] Both beams 316A, 316B then enter the angle modifier, shown here 

as a WoUaston prism 342. Beams 316A and 316B first enter the second 
birefringent plate of the angle modifier 342, The optic axis OA2 of this second 
birefringent plate is parallel to the polarizations of beams 316A and 316B. Beams 
316A and 316B are therefore extraordinary rays within this second birefringent 
plate, but are undeflected since they are normally incident upon the second 
birefringent plate. Upon leaving the second plate and entering the first plate, 
however, beams 316A and 316B become ordinary rays, since their polarizations 
are perpendicular to the optic axis OAl of the second plate. Beams 316A and 316B 
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therefore refract upon entering the first plate due to the difference between 
refraction indices n^ and n^. When beams 316A and 316B exit this first 
birefringent plate, they refract again to exit at angle <^ with respect to the z-axis. 

[00053] Beams 316A and 316B enter birefringent crystal 326, where they 
are extraordinary rays and are offset in the y-direction. 

[00054] After leaving the birefringent crystal 326, beam 316A then passes 
through Faraday rotator 320 A and half wave plate 316A with no net effect on its 
polarization. Beam 3 16B passes through Faraday rotator 320A and half wave plate 
318A; the result is a rotation of the polarization of beam 316A by 90°. Beams 
3 16 A and 316B now have orthogonal polarizations with respect to each other. 
They are then combined into a single beam 316 by birefringent crystal 320. Beam 
3 16 is subsequently focused by lens 338 A onto waveguide 3. 

[00055] Figures 3A, 3B, 3C, and 3D show another circulator 400 in 
accordance with one aspect of the invention. The general construction and 
operation of this embodiment is analogous to that of circulators 100, 200, and 300, 
with some variations as now discussed. In contrast to the other embodiments 
described thus far, circulator 400 is designed such that the first birefringent crystal 
420 has a walk-off direction perpendicular to angle 9. Thus, the side view of this 
embodiment (Figures 3 A and 3C) show the effects of this angular (6) displacement 
(as well as the spatial displacement the birefringent crystal 426); whereas, in the 
top view of the embodiment, illustrated in Figures 3B and 3D, the walk-off effects 
of birefringent crystal 420 are seen. 

[00056] A first and fourth waveguide 401 and 403 are inserted into a glass 
tube 460A parallel to each other. A second and third waveguide 402b and 402a are 
inserted into a second glass tube 460B parallel to each other. However, unlike the 
previous embodiments, in this embodiment the plane in which waveguides 401 and 
403 are placed is perpendicular to the plane in which waveguides 402a and 402b 
are placed. 
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[00057] Another difference is that after passing through the second set of 
half wave plates 436B and 41 8B and the second Faraday rotator 430B, a second 
angle modifier 452 is used, perpendicular to the first angle modifier 442. 

[00058] Thus, in operation light emitted from waveguide 401 is coUimated 

by lens 438A. As shown in a top view illustrated in Figure 3B, the beam is split in 
the x-z plane into two orthogonal beams 414A and 414B upon passing through a 
first birefiringent crystal 420 (x-walk-o1^. Beam 41 4A then passes through a first 
half wave plate 436A and a Faraday rotator 430 with a net rotation of 0°, Beam 
414B passes through half wave plate 418A and Faraday rotator 430 with a net 
rotation of 90"". Both beams 414A and 414B, polarized parallel to the x-axis, pass 
without any effect, as seen from this top view, through a second birefiingent 
crystal 426 (y-wallc-off), and angle modifier 442. After beam 414A and 414B pass 
through the set of half wave plates 436B and 41B and the Faraday rotator 430B, 
beam 414B remains polarized parallel to the x-axis and beam 414A is rotated by 
90"^ clockwise relative to viewpoint V. 

[00059] Beams 414A and 414B enter into the first plate of angle modifier 
452 on the normal and are undeviated. Upon entering the second plate of angle 
modifier 452, beam 414A is refracted toward the normal and beam 414B is 
refracted away from the normal resulting in a convergence of the two beams. On 
leaving the second plate of the angle modifier 452, both beams are refracted away 
from the normal, so that their convergence increases. Beam 414B then enters a 
half wave plate 440 which rotates the polarization of the beam by 90° clockwise a 
seen from viewpoint V. Thus, the polarizations of both beams 414A and 414B are 
parallel to the y-axis at this point. Both beams 414A and 414B continue to 
converge as they pass through polarizer 450, which serves to increase the 
extinction coefficient. The beams 414A and 414B are focused by lens 43 8B onto 
waveguides 402a and 402b, respectively. In the reverse direction, beams 414A and 
414B retrace their paths with respect to the top view, as shown in Figure 3C, 

[00060] As shown in a side view, illustrated in Figure 3 A, lens 43 8 A serves 
not only to coUimate the hght emitted from waveguide 401 as discussed above, but 
also serves to displace the beam at an angle 6 from the z-axis. The light beams 
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414A and 414B continue to travel at an angle 0 xmtil reaching angle modifier 442 
which serves to render the beams parallel to the z-axis. In the reverse direction, 
illustrated in Figure 3C, angle modifier 442 serves to offset the beams 41 6A and 
416B firom the z-axis. After passing through angle modifier 4442 in flie reverse 
direction, the polarizations of beam 41 6A and 416B are parallel to the y-axis, and 
thus both beams are extraordinary rays when passing through birefiingent crystal 
426 (y-waUc-off) and Valk-off in the y-direction. After exiting birefiingent 
crystal 426, they continue to travel at an angle. Beam 416 is focused by lens 438A 
onto waveguide 403. 

[00061] Figures 4A and 4B show another circulator 500 in accordance with 
another embodiment of the invention. Rather than using an x-axis birefiingent 
walk-off crystal as the beam-splittingZ-coupUng module, as exemphfied in Figures 
1 to 3, this circulator employs a polarization beam splitter which sphts the 
unpolarized light beam from port 1 into two orthogonally polarized beams. The 
two beams emerge not only at orthogonal polarizations, but also at orthogonal 
angles to each other. Further, the angle modifier is not a WoUaston prism as 
exemplified in Figures 1 to 3, but is an inverting reflector 542A and 542B. The 
inverting reflector may be a prism reflector or a mirror, 

[00062] Thus, light emitted firom port 1 through waveguide 501 propagates 
forward as beam 514. The beam is deflected at approximately 90° by inverting 
reflector 542A toward the polarization beam splitter 520. The polarization beam 
splitter 520 splits the incoming beam into two beams of orthogonal polarization 
oriented at 90° to each other. An example of such a polarization beam splitter is a 
Foster prism. In the embodiment shown here, beam 514A emerges at a 90° angle 
with reference to beam 514A when it enters the polarization beam splitter 520, 
The polarization of beam 514A is oriented along the x-axis as shown by a dot in 
Figure 4A. Beam 514B continues through the polarization beam splitter 520. 
Following its emergence from polarization beam splitter 520, beam 514B reaches 
invertmg reflector 542B where it is deflected by 90° and emerges parallel to beam 
514A with its polarization oriented along the y-axis. Both beams then enter 
Faraday rotator 530 which rotates their polarizations by 45° in the clockwise 
direction. Beams 514A and 514B exit into waveguides 502a and 502b, 
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respectively, with their polarizations oriented orthogonally with respect to each 
other. 

[00063] Li the reverse direction, hght beams of orthogonal polarization 

516A and 516B enter the circulator from ports 2a and 2b through waveguides 502a 
and 502b, respectively. After passing through Faraday rotator 530, the 
polarizations of the light beams 516A and 516B are each rotated by 45"" clockwise 
with reference to view V, Light beam 516B is then deflected by 90° by inverthig 
reflector 542B and is thus oriented toward polarization beam splitter 520. The 
polarization beam splitter 520 couples light beam 516B and light beam 516A 
which then emerges as light beam 516 and enters waveguide 503. 

[00064] The use of a single Faraday rotator 530 for both beams is not 
intended to limit the invention. For instance, each beam may be provided with its 
own Faraday rotator. 

[00065] Though not shown in Figures 4A and 4B, coUimating lenses are 
preferably used to collimate the hght which enters and exits the circulator from 
waveguides 501, 502a, 502b, and 503, as described with regard to circulators 200, 
300, and 400. 

[00066] The inverting reflectors 542A and 542B are optional If neither 
inverting reflector 542A nor 542B were used, the ports 1, 2a, 2b, and 3 would be 
arranged differently, such that ports 1 and 2a lie in an axis, perpendicular to an axis 
formed between ports 2b and 3. If only one of inverting reflectors 542 A or 542B 
were used, the orientation of the ports relative to each other would be arranged to 
accommodate the necessary change in geometry of the light paths. 

[00067] Furthermore, an isolator may be used in the path of light beam 514 
after it exits from waveguide 501 and preferably after it passes through a 
collimating lens. An isolator core operates to propagate light in a forward 
direction along a path while inhibiting the transmission of light in the reverse 
direction along the same path. In addition, an isolator is preferably used in the path 
of light beam 516 after it exits from polarizing beam sphtter 520 before it exits via 
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waveguide 503. More preferably, the light beam 516 passes through the isolator 
and then through a coUimating lens before exiting via waveguide 503. 

[00068] Polarizers may also be used, placed before wavequides 502a and 
502b in the path of light beams 514A and 514B, respectively, to obtain high 
extinction coefficients. If coUimating lenses are also used, the polarizers would be 
used after Faraday rotator 530 and before the coUimating lens in the forward 
direction of propagation. 

[00069] As described with reference to circulators 100, 200, 300, and 400, 
additional half wave plates may be used directly before or after the Faraday rotator 
in various arrangements depending on the relative angles of polarization of beams 
514A, 514B, 516A, and 516B, as desired. 

[00070] The present invention should not be considered limited to the 
particular examples described above, but rather should be understood to cover all 
aspects of the invention as fairly set out in the attached claims. Various 
modification, equivalent processes, as well as numerous structures to which the 
present invention may by appUcable will be readily apparent to those of skill in the 
art to which the present invention is directed upon review of the present 
specification. The claims are intended to cover such modifications and devices. 
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